Due to space limitations, cost restrictions, and performance challenges, the physical control mechanism on a smart projectile plays a central role in the overall system design. Many different smart projectile control mechanisms have been created including aerodynamic-based mechanisms such as movable canards, propellant-based mechanisms such as squibs, and inertia-based mechanisms such as internal moving masses. The work reported here considers small microspoilers located between rear fins of a finned projectile to create aerodynamic load changes to enable projectile control. In particular, boundary-layer shock interaction between the projectile body, fins, and microspoilers provides a multiplicative effect on controllable forces and moments induced by microspoiler activation. A parametric study varying the microspoiler configuration is conducted to examine the level of control authority possible for this control mechanism concept. Results indicate that relatively small microspoilers located between fins generate substantial control authority that is capable of eliminating impact errors caused by muzzle jump, aerodynamic uncertainty, and atmospheric winds. These conclusions are based on computational fluid dynamic predictions of the effect of microspoilers on air loads coupled to a rigid six-degree-of-freedom projectile trajectory simulation.
Nomenclature a = speed of sound for air, ft=s C m , C n0 = trim moment aerodynamic coefficients, perpendicular to projectile axis of symmetry C mq = pitch damping moment aerodynamic coefficient C NA = normal force aerodynamic coefficient C X0 = zero yaw axial force aerodynamic coefficient, parallel to projectile motion C X2 = yaw axial force aerodynamic coefficient, parallel to projectile motion C Y0 , C Z0 = trim force aerodynamic coefficients, perpendicular to projectile axis of symmetry C l = roll moment aerodynamic coefficient from fin cant C lp = roll damping aerodynamic coefficient D = projectile reference diameter, ft g = acceleration due to gravity, 9:81 m=s 2 I = projectile inertia tensor matrix, slug-ft = microspoiler moment components on the projectile body expressed in the projectile reference frame, ft-lbf Ma = Mach number, nd m = projectile mass, slugs p, q, r = components of the angular velocity vector of the projectile body expressed in the projectile reference frame, rad=s t = time, s t a = control system maneuver activation time, s u, v, w = translation velocity components of the projectile center of mass expressed in the projectile reference frame, ft=s V = velocity magnitude of projectile center of mass, ft=s X, Y, Z = total external force components on the projectile body expressed in the projectile reference frame, lbf X A , Y A , Z A = aerodynamic force components on the projectile body expressed in the projectile reference frame, lbf X C , Y C , Z C = microspoiler force components on the projectile body expressed in the projectile reference frame, lbf X G , Y G , Z G = gravitational force components on the projectile body expressed in the projectile reference frame, lbf x, y, z = position vector components of the projectile body center of mass expressed in the inertial reference frame, ft = total aerodynamic angle of attack, deg = total projectile inertial trajectory error, ft = projectile inertial trajectory error command angle, deg = control system roll angle activation window, deg IRECT-FIRE projectiles are fired by line-of-sight aiming from ground-based platforms, helicopters, and fixed-wing aircraft. A number of conditions can cause projectiles to miss an intended target. These conditions include manufacturing inaccuracies of the gun tube, propellant, and projectile, along with variable atmospheric conditions, firing platform motion, and aiming errors. With the advent of low-cost, small, rugged microelectro-mechanical systems, dramatic reduction in dispersion for direct-fire projectiles equipped with a flight control system is possible. The control mechanisms must be capable of altering the trajectory of the projectile in such a way that impact point errors induced at launch and in-flight can be corrected. At the same time, the control mechanism must be rugged to withstand high-acceleration loads at launch, small so that payload space is not compromised, and inexpensive for cost considerations [1] . Many different control mechanisms are being developed with these requirements in mind with three main categories of concepts: aerodynamic load mechanisms, jet thrust mechanisms, and inertial load mechanisms [2, 3] . Examples of aerodynamic control mechanisms include rotation of aerodynamic lifting surface appendages, deflection of the nose, and deflection of ram air-to-side ports. Examples of jet thrust control mechanisms include gas jet thrusters and explosive thrusters, while examples of inertial control mechanisms include internal translation of a control mass and internal rotation of an unbalanced part.
The control mechanism investigated in this paper falls into the category of an aerodynamic mechanism, where small microspoilers are used to induce an aerodynamic force and moment perturbation on high-speed projectiles due to shock wave interaction between the fins, body, and microspoilers. Massey et al. [4] , Massey and Guthrie [5] , Massey and Silton [6] , and Bell et al. [7] considered protuberance effects on fin-body interactions of high-speed projectiles. Both computational and experimental analysis showed that significant force multiplication can exist by modifying the boundary-layer shock interaction of the projectile fin and body. The devices used in these previous studies were relatively large (on the order of one third the fin height) and protruded beyond the boundary layer. Large and controllable aerodynamic load perturbations were noted. A similar physical control mechanism is considered here. A number of small microspoilers are inserted between the rear fins of the projectile. Figure 1 provides a schematic of a finned projectile equipped with microspoilers. The microspoilers are activated in a coordinated fashion to generate maximal control authority. A set of parametric trade studies are conducted on microspoiler configurations, and its effects on control authority are reported. Furthermore, active control performance of a nominal microspoiler configuration is presented to establish the promise of this projectile control mechanism. Results presented in this article are based on flight dynamic simulation using a rigid body representation. Prediction of the effects of microspoiler deflection on aerodynamic loads is produced using computational fluid dynamics (CFD) analysis. Details on these models are given below, followed by presentation of microspoiler performance predictions.
II. Projectile Dynamic Model
The nonlinear trajectory simulation used in this study is a standard six-degree-of-freedom model typically used in flight dynamic modeling of projectiles. These six degrees of freedom include three inertial components of the position vector and three standard Euler projectile orientation angles, referenced to an "Earth-fixed" inertial frame. The equations of motion are provided in Eqs. (1) (2) (3) (4) , as derived by McCoy [8] and Murphy [9] :
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The dynamic equations are expressed in a body fixed reference frame, thus all forces acting on the body are expressed in the projectile reference frame. The force acting due to gravity is shown in Eq. (6):
The body aerodynamic force acting at the center of pressure of the projectile is given by Eq. (7): Fig. 1 Schematic of an Army-Navy finned projectile possessing a onequadrant microspoiler control mechanism configuration.
The applied moments about the projectile mass center contains contributions from steady aerodynamics SA, unsteady aerodynamics UA, and the microspoiler control C.
The moment components due to steady aerodynamic forces and control forces are computed with a cross product between the distance vector from the mass center to the location of the specific force and the force itself. The unsteady body aerodynamic moment provides a damping source for projectile angular motion, as given by Eq. (9):
The projectile mass, center of gravity, and inertial properties are all assumed to be constant throughout the duration of the flight. The center of pressure location and all aerodynamic coefficients depend on local Mach number and are computed during simulation using linear interpolation. The dynamic equations given by Eqs. (1) (2) (3) (4) are numerically integrated forward in time using a fourth-order, fixed-step Runge-Kutta algorithm. Costello and Anderson [10] present correlation of this dynamic model against range data for a finstabilized projectile.
III. Determination of Microspoiler Aerodynamic Perturbations
Note that the forces and moments depicted in Eqs. (7) and (9) include aerodynamic forces and moments created by the projectile without microspoilers activated. To obtain the total aerodynamic effects of the microspoilers, a two-part estimation technique is used. First, a projectile is simulated using a combined CFD and rigid body dynamic simulation (CFD/RBD) algorithm. The CFD/RBD simulation combines the rigid six degree-of-freedom flight dynamic model explained previously with a three-dimensional, time-accurate CFD simulation. This combination is achieved by simultaneously integrating the fluid and rigid body dynamic equations of motion. This method is referred to as the virtual flyout method as it simulates a projectile trajectory virtually from first principles. Details are given in [11, 12] . The virtual flyout method predicts the position, orientation, translational velocity, angular velocity, and total aerodynamic loads at discrete points along the trajectory. Projectile state information (position, orientation, translational velocity, angular velocity) and aerodynamic loads (forces and moments) form a basic data set that is used to estimate a flight dynamic aerodynamic model for the projectile with and without the microspoilers activated. All aerodynamic coefficients in Eqs. (7) and (8) are estimated with a specialized output error parameter estimation algorithm that is detailed in [13] .
Virtual flyout simulations were generated at Mach 2.0, 2.5, and 3.0 launch conditions to obtain the aerodynamic effects of the microspoilers over a range of speeds. The initial conditions of the two flyouts are shown in the Table 1 and the resulting changes in aerodynamic coefficients are shown in Table 2 . As seen from these tables the primary effect of the microspoiler is creating an aerodynamic asymmetry, which can be seen in the increase of C Z0 and C m0 . There is also indication of a drastic change in the aerodynamic roll and pitch damping. This is clearly due to the disruption of the flow around the fins, which has the most aerodynamic influence on the projectile.
IV. Flight Dynamic Analysis A. Description of Projectile and Microspoiler Configuration
To examine the effectiveness of the microspoiler control mechanism, trajectory results were generated for an example testbed projectile. The U.S. Army-Navy finned projectile was selected for this study as an example of a direct fire fin-stabilized projectile [13] . Shown in Fig. 3 , a simple flight control system is used to compute microspoiler activation to execute an inertial frame turn maneuver, given flight time and roll angle activation switches. Control authority of the system is significantly affected by maneuver activation time after launch t a , command turn angle , and roll angle activation window . The command turn angle represents the roll angle where the maximal outward lateral force is generated. The Figure 4 presents cross range out to a range of 3.0 km. Because the y axis is oriented to the right, a negative value of the y coordinate refers to a left turn. The controlled projectile trajectory deflects 193.9 m. Figure 5 shows minor differences in altitude between controlled and uncontrolled projectiles. Time histories of the Euler pitch and roll angles are given in Figs. 6 and 7, where it is shown that activating the control mechanism introduces oscillatory orientation perturbations. Note that while the maneuver-controlled pitch angle does follow the uncontrolled pitch angle, the maneuver-controlled yaw angle diverges from the uncontrolled case from 0.0 to nearly 11:01 deg. Table 2 shows that the activation of the microspoilers creates an aerodynamic asymmetry at the rear of the projectile, thus creating a side force and a moment. Because the microspoilers are activated to induce a left turn, the moment created is a negative yaw rate, thus producing a large change in the projectile yaw angle. The small perturbation in the pitch angle can be attributed to gyroscopic moments from the slowly spinning projectile. Figure 8 shows that the roll rate is also reduced by over 10:0 rad=s after activation. Again from Table 2 the roll damping of the projectile is increased. This is due to the disruption of flow between the fins causing more drag on the fins, creating more roll damping. Maximal pitch and yaw rates never exceed 4:0 rad=s in amplitude (Figs. 9 and 10 ). In Fig. 11 the projectile total aerodynamic angle of attack experiences oscillations immediately after control activation to a maximum angle of 6.2 deg but dampens down to below 2.6 deg in just over 1.0 s of activation. Total velocity for the controlled projectile is slightly reduced from the uncontrolled case (Fig. 12) . Figure 13 shows microspoiler total force and moment perturbations in a body-fixed frame, which are successively roll activated with decreasing magnitude from approximate maximums of 11.46 lbf and 3:78 ft-lbf as the projectile decelerates.
Control Authority Parametric Trade Study
Several parametric trade studies were computed to examine the control authority of the microspoiler mechanism on the basic finned projectile recently described to a range of 3. Control authority linearly increases with increasing number of mechanisms (Fig. 15) . MSC1, MSC2, MSC3, and MSC4 represent the number of microspoiler control mechanisms implemented between the projectile fins (from one up to four fin quadrants). Figure 16 shows that increasing the roll angle activation window has a positive effect on control authority, but the effect of the effect decreases slightly after about 90.0 deg. Increasing muzzle velocity has a positive effect on control authority (Fig. 17) while delaying controller activation time has a negative effect on control authority (Fig. 18 ).
Active Control Analysis
An active control system is simulated to demonstrate the capabilities of the microspoiler control mechanism to overcome typical launch and in-flight errors. This controller was designed to track a user-specified commanded ballistic trajectory through use of Global Positioning System and other onboard sensors to provide feedback of x, y, z, and ' for the entire flight. The algorithm illustrated in Fig. 19 uses the command trajectory to develop an inertial projectile error vector, which is reduced by a proportionalintegral-derivative (PID) controller through variation of the roll angle activation window. The total projectile inertial trajectory error and the error command angle are defined in Eqs. (10) and (11): e 
The error command angle and roll angle activation window are then input into the model prediction algorithm in Fig. 20 , where provides an inertial direction for roll angle activation and specifies an angle band about for activation. The chosen command trajectory consisted of 30 discrete points that are linearly interpolated by the controller during flight and was generated by the nominal initial conditions previously used to simulate "perfectly shot" ideal projectile. Next, the following perturbed initial conditions were used for controlled and uncontrolled trajectories: Figure 23 shows that the controlled projectile total angle of attack reaches a maximum value of 8.84 deg upon control maneuver activation but then drops below 5.0 deg within 1.0 s. Figure 24 shows variation in the error command angle after control maneuver activation. At first this angle remains nearly constant at approximately 180.0 deg and then steadily descends. This implies that, once the controller is activated, the projectile turns left to approach the command trajectory and then starts to spiral about it in a clockwise manner, as it seeks the command trajectory. Figure 25 shows that the total inertial error is rapidly reduced from 10.28 m to approximately 0.76 m after control maneuver activation and then levels off. This suggests that once the projectile has "snapped" to the command trajectory and has begun to spiral about it, it does so at a nearly constant radius of 0.76 m. Figure 26 angle activation window after control maneuver activation, which is at first constant (since maximum control authority is initially needed) but is then reduced down to average out at approximately 55.0 deg.
Dispersion Analysis
Monte Carlo dispersion cases were computed to demonstrate the performance of the control system with perturbed initial conditions (tipoff effects) and projectile mass/inertial property uncertainty. To simulate tipoff effects, initial states were perturbed from the nominal conditions, which include initial pitch angle, initial yaw angle, initial muzzle velocity, initial crossing velocities in the y and z directions, initial roll rate, initial pitch rate, and initial yaw rate. The standard deviations for these values are 0.01 rad, 0.01 rad, 3:0 ft=s, 1:0 ft=s, 1:0 ft=s, 0:15 rad=s, 0:7 rad=s, and 0:7 rad=s, respectively. To simulate variability in projectile weight, diameter, stationline center of gravity, and moment of inertias about the x, y, and z body axes, these parameters where modeled as uncertain with standard deviations of 0.0837 lbf, 0.000052 ft, 0.00053 ft, 0:000000268 slugs-ft 2 , 0:0000189 slugs-ft 2 , and 0:0000189 slugs-ft 2 , respectively. The effect of atmospheric wind was simulated using a simple atmospheric mean wind model. A horizontal mean wind direction MW was randomly chosen between 0.0-360.0 deg, for a mean wind intensity MW with standard deviation 0:5 ft=s.
Figures 27 and 28 show the impact point results in a vertical plane at a range of 3.0 km for the uncontrolled and controlled dispersion cases. As observed, implementation of the microspoiler control system causes a 97.66% reduction in the circular error probable (CEP)-from 35.01 m (uncontrolled) down to 0.82 m (controlled). Note that the CEP was calculated about the mean impact values for each case. These results indicate that the microspoiler smart projectile control mechanism is capable of reducing trajectory tracking errors down to sensor accuracy.
V. Conclusions
The microspoiler concept for active control of finned projectiles in supersonic flight is a viable physical control mechanism that provides high maneuverability to the round. Control authority is linearly increased with the number of microspoilers. Increasing the roll angle activation window also increases control authority, but a point of diminishing return is reached beyond an angle of 110.0 deg. Increasing projectile launch muzzle velocity and decreasing control system activation time are also observed to have positive effects on control authority. The proportional-integral-derivative-controlled dispersion results show that the microspoiler mechanism is capable of reducing error down to sensor error. The conclusions of this study are reached using six-degree-of-freedom flight dynamic simulation with microspoiler aerodynamic loads provided by computational fluid dynamics modeling. These results highlight the promise of this control mechanism for high-speed actively controlled projectiles and rockets. 
